1.3-, 3.0-, 4.6-, and 8.5-fold times for listing [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] and >30, compared to MELD <16. Thirty-seven people died over 1 year from the time of listing, with twofold increased odds with AKI. Among 67 patients with MDRD <60, only urinary epidermal growth factor was different comparing AKI (increase in serum creatinine ≥0.3 mg/dL from baseline within past 3 months) vs. no AKI (2,254 vs. 4,253, p = 0.003). Differences between acute tubular necrosis (ATN) and hepatorenal syndrome could not be ascertained for a small sample of 3 patients with ATN. Analyzing 15 of 43 receiving LT and MDRD-6 <30 prior to LT, biomarkers were not different comparing 5 patients recovering renal function (MDRD-6 >50 mL/min) at 6 months vs. 10 without recovery. Conclusions: AKI is common among LT listed patients, with a negative impact on transplant-free survival. Serum and Keywords Simultaneous liver kidney · Acute kidney injury · Biomarkers · Cirrhosis · End-stage renal disease Abstract Background: To define urine or serum biomarkers in predicting renal function recovery after liver transplantation (LT). Methods: Adults listed for LT (February 2011-July 2014) and with modified diet for renal disease-6 (MDRD-6) <60 mL/min provided urine/blood samples at baseline and serially until LT for biomarkers in serum (pg/mL) and urine (pg/mg creatinine). Results: Of 271 LT listed patients (mean age 57 years, 63% males, median listing MELD 17.5), 1 year acute kidney injury (AKI) probability was 49%, with odds of 2 urine biomarkers are not associated with the recovery of renal function after LT. Multicenter studies are suggested to (a) develop strategies to reduce the development of AKI and (b) derive novel biomarkers for use in accurately predicting renal recovery after LT.
Introduction
Acute kidney injury (AKI) occurs commonly in patients with cirrhosis and its prevalence rates are in the range 19-49% [1] [2] [3] [4] [5] [6] [7] [8] . It negatively impacts patient survival before and after liver transplantation (LT) [1, 5, 6, [9] [10] [11] [12] . AKI in patients with cirrhosis occurs invariably due to volume loss; hepatorenal syndrome (HRS) due to vasoconstriction and reduced renal blood flow; and acute tubular necrosis (ATN) due to prolonged pre-renal factors, sepsis, or nephrotoxic insults [8, 11, [13] [14] [15] . To our knowledge, there are no studies describing AKI among patients with cirrhosis after they are listed for LT.
Routine clinical and laboratory evaluation is often unable to accurately differentiate HRS from intra-renal causes, and renal biopsy is invasive with a potential for complications [7, 8, 16] . AKI secondary to ATN may often require simultaneous liver kidney (SLK) transplantation for renal function recovery. In contrast, patients with AKI due to HRS usually recover after LT alone. Imperfect criteria for allocating SLK transplantation in the setting of AKI [17, 18] , combined with the introduction of MELD score for LT listing [19] , have resulted in over 300% increase in SLK transplantation [18, 20] . Given the scarcity of donor kidneys [21] , there is a need for biomarkers or models for accurate prediction of renal recovery after LT alone for the optimal allocation of donor kidneys.
Biomarkers of renal injury such as neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule-1, interleukin-18 (IL-18), human endothelin-1 (HE-1), uromodulin (UMOD), epidermal growth factor (EGF), fatty acid-binding protein, and many others have been shown to predict recovery of renal function in patients with AKI without liver disease, development of AKI during LT, and differentiating HRS from ATN [10, 22, 23] . However, there are limited data on efficacy of these biomarkers in predicting recovery of renal function after LT alone. We prospectively recruited patients with liver cirrhosis listed for LT with specific aims to examine the (a) probability of the development of AKI and its impact on waitlist mortality and the (b) association of levels of serum and urine biomarkers of renal injury with the type of AKI before LT and with renal function recovery after LT.
Methods

Study Population
This is a prospective-retrospective cohort study of adult patients with liver cirrhosis listed for LT between February 2011 and July 2014 (Fig. 1) . Patients with prior liver or kidney transplant were excluded. The prospective cohort included cirrhosis patients listed for LT between April 2013 and July 2014, and were recruited after they gave their informed consent to be part of an ongoing prospective longitudinal study to define urine and serum biomarkers in predicting recovery of renal function after LT. The retrospective cohort included patients listed between February 2011 and the recruitment of prospective study cohort starting April 2013. Both cohorts were followed until the data cut-off date of December 2015. Medical charts were reviewed to obtain prospective follow-up data on the retrospective cohort. The study was approved by our institutional review board. The study was conducted in accordance to the Declaration of Helsinki. The clinical and research activities being reported are consistent with the Principles of the Declaration of Istanbul as outlined in the "Declaration of Istanbul on Organ Trafficking and Transplant Tourism."
Study Outcomes
One-year probability of AKI and of patient survival after LT listing was the expected study outcome.
Collection of Urine and Serum Samples
A subgroup of patients with modified diet for renal disease-6 (MDRD-6) <60 mL/min of the prospective cohort agreed to provide 50 mL urine and 10 mL blood samples at the time of recruitment and then during every future encounter in the outpatient department or during inpatient admission, until LT is performed or they are removed from the waitlist. Patients receiving LT alone were followed up for 6 months to measure their renal function and assess the recovery of renal function. Patients receiving SLK transplantation were excluded from the analysis (Fig. 1) . See online supplementary material methods section (for all online suppl. material, see www.karger.com/doi/10.1159/000479074) for details on data collection, definitions, measurement of serum and urine biomarkers, and statistical analyses approach.
Results
Study Population
A total of 271 patients (median age 56 years, 63% males, 83% Caucasians, median MDRD-6 and MELD score at listing of 66 mL/min and 18, respectively) who fulfilled the eligibility criteria for the study were analyzed (Table 1) . Preexistent CKD was present in 64 (24%) patients, which was due to diabetes in 31 patients. Common causes of liver cirrhosis were hepatitis C virus infection, nonalcoholic steatohepatitis, and alcohol use in 100 (37%), 72 (27%), and 36 (13%) patients respectively. Of 100 patients with HCV infection, 44 had received treatment for this disease. A total of 230 (85%) patients had decompensated disease with either the presence of ascites or hepatic encephalopathy or varices (Table 1) .
Of the prospective cohort, 70 patients (mean age 58 years, 54% males, 84% Caucasians) with MDRD-6 <60 (median 37 mL/min) were recruited to provide serum and urine samples for biomarkers measurements (online suppl. Fig. 1 ; online suppl. Table 1 ). About half of these patients had underlying CKD (10% on hemodialysis) due to associated comorbidities of diabetes mellitus in 49% and hypertension in 46% (Table 1 ). Of 7 patients on hemodialysis at the time of inclusion into the study, 3 were receiving this for end-stage renal disease (all these receiving SLK transplantation and were excluded from the analysis on biomarkers), and remaining 4 were initiated on dialysis for AKI.
A total of 242 samples were collected from 70 patients from the time of recruitment until removal from the transplant list, with 131 serum samples from 69 patients and 111 urine samples from 65 patients (online suppl. Fig. 1 ). A total of 35 and 37 patients provided only the baseline serum or urine sample, and 22 and 18 patients provided 2 serum or urine samples. The remaining patients provided more than 2 samples with maximum of 5 serum samples by each of the 2 patients and 6 urine samples by 1 patient (online suppl. Fig. 1 ).
Probability of AKI
Over a median (interquartile range) follow-up period of 1.43 (0.85-2.17) years, 107 of 271 (39.5%) patients developed the first episode of AKI, with 1 year probability of 49% (Fig. 2a) . Similar probabilities at listing MELD score <16 (n = 95), 16-20 (n = 100), 21-25 (n = 33), 26-30 (n = 19), and >30 (n = 24) were 31.9, 42.8, 73.7, 72.8, and 91.7% respectively (log rank p < 0.0001; online suppl. Fig. 2 ). Of 107 first AKI episodes, volume responsive prerenal was the most common etiology of AKI in 61 (57%) patients followed by ATN in 28 (27%), HRS in 10 (9%), and miscellaneous causes in 8 (7%) patients including postrenal etiology in 2 patients (online suppl. Fig. 3 ). Patients with AKI (n = 107) compared to 164 patients without AKI were more likely to have preexisting CKD, more likely to have refractory ascites and hepatic encephalopathy, less likely to have hepatocellular carcinoma, and had lower listing MDRD-6 and serum sodium, and higher MELD score (Table 1 ). The 2 groups were no different on decompensated disease (82 vs. 89%, p = 0.15) and on varices and platelet count ( Table 1 ). The proportion of patients receiving treatment for HCV infection was also similar in the 2 groups at 44% (27 of 62) vs. 45% (17 of 38), p = 0.91. Predictors of AKI On a cox proportional hazard regression analysis model, MELD score and serum sodium at listing independently predicted the development of AKI at 1 year, with 3 point increase in MELD score increasing the risk by 39% (online suppl. Table 2 ). The Cox regression model built with MELD score as a categorical variable showed AKI risk at 1 year from the time of listing to increase linearly by 335, 399, and 1,223%, respectively, for listing MELD score of 21-25, 26-30, and >30, respectively, compared to MELD score <15 (online suppl. Table 2 ).
Impact of AKI on Waitlist Mortality
A total of 73 (27%) patients died while waiting for LT, this number being higher among patients with AKI (33.6 vs. 12.2%, p = 0.0001). Of 73 deaths on the waitlist, 37 occurred within the first year from the time of listing (21 among patients with AKI). One year probability of survival from the time of listing for LT was about 86%, lower in patients with AKI (72.2 vs. 83%, p = 0.025; Fig. 3 ). After controlling for demographics (age and gender), diabetes, obesity, and listing MELD score, development of AKI increased risk for waitlist mortality at 1 year from the time of listing by over twofold: HR (95% CI) of 2.27 (1.28-4.02, p = 0.005; online suppl. Table 3 ). Within the group of 107 patients with AKI, cox proportion hazard regression analysis was built again. Recurrent AKI was not a predictor of waitlist mortality, 0.89 (0.39-2.02, p = 0.79). Significant predictors were MELD at listing 1.07 (1.03-1.12, p = 0.002) and obesity 1.82 (1.09-3.01, p = 0.02).
A total of 145 of 271 (54%) patients were transplanted during the study period, with 8 (2.96% of both the cohorts and 5.5% of all LT) receiving SLK. The proportion of patients receiving LT was similar to that of patients with and without AKI (49 vs. 53%, p = 0.47; online suppl. Fig. 4 ). MDRD-6 was consistently lower among patients with AKI at listing, and then at 3, 6, and 12 months from the time of listing, compared to patients without AKI However, patients surviving the AKI episode without LT return their MDRD-6 to baseline (median MDRD-6 around 60-65 mL/min; online suppl. Fig. 5 ).
Recurrent AKI
A total of 147 episodes of AKI developed in 107 patients, 27 with 2 AKI episodes, 12 with 3 episodes, and 1 patient had more than 3 episodes (online suppl. Fig. 3 ). The etiology of recurrent AKI was similar to the proportion of etiologies in the first episode (online suppl. Fig. 3 ). Of 107 patients with the first AKI episode, the second AKI occurred in 26 (24%) patients among LTfree survivors, with 1-year probability of 60% (Fig. 2b) . Respective cumulative probabilities for the second episode of AKI were 25, 30, and 21% among patients with listing MELD <21, 21-25, and >25 compared to MELD <20. Biomarker Analysis a. MDRD-6 >30 vs. ≤30 mL/min: of 122 samples, 34 samples with MDRD-6 ≤30 (median 23 mL/min) compared to 88 samples with MDRD-6 >30 (median 51 mL/min) had significantly higher serum HE-1 and NGAL levels (online suppl. Table 4 ; Fig. 4a, b) . On urine biomarkers analysis, EGF and IL-18 were significantly lower for samples with MDRD-6 ≤30 (online suppl. Table 4 ; Fig. 4c, d ). Other biomarkers were not significantly different comparing the 2 strata of MDRD-6 (online suppl. Table 4) .
b. AKI vs. no AKI: of 134 samples, 37 samples with adjudication of AKI at the time of sample collection compared to 97 samples without AKI had significantly higher serum NGAL and a trend for higher HE-1 levels ( Table 2 ; Fig. 4e, f) . On urine biomarkers analysis, only EGF was significantly different with lower levels for samples with AKI (Table 2 ; Fig. 4g ). Other biomarkers were not significantly different when the 2 strata of MDRD-6 were compared ( Table 2) .
c. Type of AKI: of 37 samples with AKI, cause of AKI was pre-renal in 22, HRS in 12, and ATN in 3 patients. Compared to pre-renal AKI, serum NGAL was higher in ATN and serum HE-1 was higher in HRS (Table 3) . However, statistical comparison could not be derived for comparing ATN and HRS with only 3 observations with AKI due to ATN (Table 3) .
d. CKD vs. no CKD: of 134 samples, 62 samples from patients with CKD (median MDRD-6 of 34 mL/min) differed only for urinary EGF, compared to samples obtained from patients without CKD (median MDRD-6 of 51 mL/min; online suppl. Table 5 ; Fig. 4b ). Further, samples from CKD patients tended to have higher serum NGAL and urinary albumin (online suppl. Table 5 ; Fig. 4a, c) .
e. Recovery of Renal Function after LT Alone: of 70 patients recruited into the study, 46 were transplanted until the end of the data collection period. Of these, 43 received liver alone (mean age 57 years, 53% males, 84% Caucasians, baseline MDRD-6 of 40 mL/min) and 3 patients received SLK transplantation (Table 1 ). About 44% of transplanted patients had underlying CKD, with pretransplant hemodialysis in 1 patient (Table 1) . Of 43 patients receiving LT alone, 24 patients provided a sample within a month prior to LT, and these patients did not differ at baseline from all the transplanted patients (Table 1) .
To examine the association of serum and urinary biomarkers with the recovery of renal function, we focused on 15 patients receiving liver alone with MDRD-6 <30 at the last sample obtained within a month prior to LT (Table 4). Of these, 5 patients were able to recover their renal function and 10 patients did not recover their renal function, with recovery defined as return of MDRD-6 to >50 at 6 months after LT. None of the biomarkers in serum and urine on the latest sample available prior to LT was different when patients with and without recovery of renal function were compared. There was a trend for higher UMOD among patients showing recovery of renal function compared to patients not recovering renal function at 6 months after LT (online suppl. Fig. 6a ). Other details on pre-transplant variables and post-transplant use of calcineurin inhibitor are provided in online supplementary Table 5 .
Discussion
The frequency of AKI in patients with cirrhosis varied between 19 and 49%, which is similar to that of the current study [1] [2] [3] [4] [5] [6] . Differences across studies may be due to study population and follow-up time. In this study, the probability of occurrence of AKI at 1 year from the time of listing for LT was 49%. In a retrospective study on 82 patients with Child's class C cirrhosis, AKI occurred in about 23% patients over a 1-year period [24] . In another study, the incidence of AKI was 18% at 1 year among hospitalized patients with cirrhosis [25] . AKI in cirrhosis is most commonly due to volume-responsive prerenal injury followed by ATN and type 1 HRS, similar to what we found in the current study [7, 8, 11, 14, 15] .
Biomarkers such as NGAL, kidney injury molecule-1, IL-18, and FABBP-2 can diagnose AKI earlier, differentiate ATN from HRS, and predict outcomes [22, 23, [26] [27] [28] [29] [30] [31] . Of these, serum NGAL and urinary IL-18 were different in this study. Our study population with MDRD-6 <60 and the presence of underlying CKD probably [23, [31] [32] [33] . Although, the levels were higher in ATN compared to HRS in this study, the small sample size limited the extent of statistical difference. Few studies have previously shown the association of risk of the development of AKI with the Child Turcotte Pugh stage [3, 34] . There is only one study showing the association of AKI occurrence with the baseline MELD score [6] . However, this prospective study examined for in hospital AKI, unlike our study examining 1-year probability of AKI among LT-listed patients. In another prospective study on 92 cirrhosis patients, 82 episodes of AKI occurred. Of 49 patients developing AKI in this study, 33 (67%) developed a second episode of AKI [35] , similar to our study. Studies have negative impact of AKI on the outcome of cirrhosis patients and on the need for hospitalization, intensive unit care, dialysis, and use of hospital resources, as observed in the current study [1, 5, 6, [9] [10] [11] [12] . A small number of patients with documented use of statins in this study limited the analysis of the impact of these drugs on the survival. Of note, the use of beta blockers was not associated with the development of AKI risk in this study.
We also examined other biomarkers, such as HE-1, EGF, and UMOD, which have not been evaluated earlier in patients with cirrhosis or in terms of biomarkers such as cystatin C, β2M, OPN, and albumin, data are scanty [36, 37] . HE-1 is a peptide released from endothelial cells resulting in renal vasoconstriction [38] . HE-1 increases in plasma and in urine in HRS patients [39] . In our study, serum and urinary HE-1 levels were the highest in HRS followed by ATN and levels were the lowest in pre-renal AKI, similar to earlier reports. Cystatin-C, a low molecular weight protein exclusively eliminated by glomerular filtration, has been used for GFR calculation [40] . In one study, plasma cystatin C levels predicted sustained AKI and its outcomes among patients in the intensive care setting [41] . In the current study, there were no differences on urinary cystatin-C levels based on AKI. β2M is a small molecule freely filtered by glomerulus and reabsorbed by proximal tubules, and its serum levels increase with a decline in GFR [42] . In this study, there were no differences on urinary β2M levels, as levels may be confounded with infections and inflammatory state [43] . OPN is an inflammatory cytokine, and its serum levels predict the onset of AKI and its outcome [44] . In the current study, OPN urinary levels were no different for AKI, likely due to confounding with underlying infections and the presence of CKD [45] . Albuminuria is well described as a marker for CKD and for diabetic nephropathy. In the current study, Biomarkers levels in serum (pg/mL) and in urine (pg/mg creatinine) samples taken within one month prior to LT alone among patients with pre-transplant MDRD <30 mL/min: comparing without vs. with recovery of renal function at 6 months after LT (MDRD-6 >50 mL/min)
No recovery (n = 10) there were no differences on urinary albumin levels based on the degree of GFR decline and for AKI. None of the biomarkers was associated with renal recovery after LT, except for UMOD. In an earlier study, a combined model including elevated OPN and tissue inhibitor of metalloproteinase-1, age <57 years, and the absence of diabetes was 82% accurate in predicting renal recovery after LT, and this combined model was more accurate compared to models including only biomarkers levels or only clinical variables [46] .
Physicians in clinical practice should be extra careful in using diuretics and in counseling patients on measures for preventing AKI. This becomes more relevant in the background of shortage of donor kidneys and lack of evidence-based guidelines for the allocation of SLK transplantation [20, 47] . Whether transjugular intrahepatic portosystemic shunt would be a feasible preventive strategy among cirrhosis patients who have had an episode of AKI remains a testable hypothesis [48] .
Analysis of a large homogeneous prospective cohort of cirrhosis patients listed for LT, robust clinical and biomarker data, and the use of updated definition of AKI with removal of upper ceiling of 1.5 mg/dL for serum creatinine are strengths of our study. However, our study has certain limitations including data from a single center, possibility of missing some of the AKI episodes in this retrospective cohort, lack of information on the intravenous albumin use, which can confound the MDRD-6 values, and adjudicating cause of AKI based on clinical and laboratory data. Further, information on intra-operative and post-transplant variables, which could affect renal function at 6 months after LT was lacking.
In conclusion, AKI occurs frequently among patients with cirrhosis listed for LT. The development of AKI is associated with increased waitlist mortality and increased use of hospital resources. Patients with AKI who survive without a need for transplantation have about 60% probability of developing a second episode of AKI within a year from the first episode of AKI. None of the pre-transplant biomarkers was associated with the recovery of renal function after LT.
We suggest developing larger multicenter studies as a basis for deriving an accurate model combining clinical variables with various biomarkers to predict the recovery of renal function after LT alone. Given encouraging data on the ability of UMOD in predicting renal recovery after LT, studies are suggested to examine proteomics and metabolomics approach on urine samples to explore other biomarkers, which could be useful in accurate differentiation of HRS from ATN and in predicting the recovery of renal function after LT.
